The effectiveness of visual displays has often been linked to the sense of presence embodied by immersive visualization. However, efforts analyzing how presence is associated with multi-users' quality of communication, including visualization capabilities to assist in architecture, engineering and construction (AEC), are still unfolding. This research is an exploratory study on social interaction, which aims to improve the presentation and communication of complex data through immersive simulation techniques. This paper reviews key concepts such as presence and immersion to identify factors that influence communication in the representative literature. It then introduces the Hub for Immersive Visualization and eResearch (HIVE) with a focus on the technological components. Finally it presents a conceptual framework of immersive shared environment, which enables multiusers to understand how to implement social interaction in a system efficiently or to determine whether a visualization system could support communication effectively. Future studies to validate the proposed framework are discussed, particularly in the context of cognitive factors in a shared environment.
INTRODUCTION
Considerable research has been conducted on immersive environments with a focus on issues of technology itself, and many researchers have assumed the benefits of immersive visualization for task performance (Arns et al., 1999; Gruchalla, 2004) . The effectiveness of visual displays has often been linked to the sense of presence embodied by immersive visualization, and presence is often thought to be concomitant with immersion (Slater and Wilbur, 1997; Witmer and Singer, 1998) . For example, presence, the subjective experience of being in one place, can be effective in itself for certain applications such as games and simulation. People use immersive visual systems to represent their ideas and receive feedback in collaborations. Virtual Environments (VEs) are an effective interface that delivers design information in 2D to 3D representation. Research on presence has primarily focused on personal presence and made noted efforts in identifying its contributing factors and measurement (Witmer and Singer, 1998; Schubert et al., 1999; Schubert et al., 2001) . However, research on the association of presence with multi-users' quality of communication, including visualization capability to assist in the domains of architecture, engineering and construction (AEC) domains, is still unfolding.
This research is an exploratory study on social interaction, which aims to improve the presentation and communication of complex data through immersive simulation techniques. The Curtin Hub for Immersive Visualization and eResearch (HIVE) consists of four large-scale visualization systems that enable high immersive 2D and 3D visualization of different types of data, in varying volumes, scales and formats. It can create venues for social interaction through four displays to support communication and presentation in meetings, lectures or collaborative awareness in visual systems, which could affect their reflective thinking in performing tasks. For example, a person may be completely immersed in a dome type of screen, unaware of others who are outside the dome's boundary, whereas those using a cylinder type of screen may be aware of others because they are able to stay inside the cylinder screen's boundary. It can be argued that a low level of awareness of their surroundings hinders a person's social interaction in communication, whereas a high level of social awareness facilitates performance in collaboration. Nevertheless, having some sense of awareness in an environment is a necessary condition for communication in a shared environment.
This research explores how differences in social awareness under different visual interface conditions affect users' communication, and how these communicative differences eventually influence performance in training/education, decision-making and knowledge sharing. It develops and presents a conceptual framework of immersive shared environments in the context of social interaction, emphasizing multi-users' communication, with the aim of facilitating the strategic utilization and adoption of immersive environments for collaboration. The framework provides an alternative understanding of social awareness appropriate for creative performance in collaborations and a basis for evaluating future research on immersive shared environments. The potential for future empirical research to validate the proposed framework is discussed, particularly in the context of cognitive factors in a shared environment.
RESEARCH METHODOLOGY
This paper reviews significant works on cognitive issues in immersive environments, including earlier theoretical studies. Articles that concentrate solely on technical aspects of immersive environments are not included here. The paper first reviews critical concepts relating to the theory and implementation of immersive shared environments, such as presence, immersion, and integrated models. Next, it introduces the HIVE with a focus on the technological components. As visualization systems in HIVE will be adopted for case studies, essential functions are described and characterized in terms of their effectiveness in collaboration. Finally, a conceptual framework of immersive shared environments is constructed with a focus on social interaction and the practicability of each indicator for supporting communication in immersive shared environments.
IMMERSION, PRESENCE, AWARENESS AND CONNECTEDNESS
This section critically reviews a number of representative works on which much of the research on cognitive issues in immersive environments, such as immersion and presence, has been based.
Slater and Wilbur (Slater and Wilbur, 1997) described the concept of immersion quantifiably in terms of a visual system's capabilities of delivering an inclusive, extensive, surrounding and vivid illusion of reality. Inclusive indicates the extent to which the real world is excluded, while extensive indicates the number of sensory modalities accommodated by the system. Surrounding indicates the degree to which the display is panoramic, and vivid is concerned with the resolution and quality of the displays. Slater and Wilbur (1997) defined presence as a potential psychological and behavioral response to immersion in a mediated environment, where a user's compelling sense of being in a mediated space is the subjective response and a user's behavior similar to their behavior in reality is the objective response. Many VEs provide avatars to create a strong sense of personal presence since the distinction between self and non-self occurs at the boundary of the body (Heeter, 1992; Loimis, 1992) .
Different types of presence have been proposed, emphasizing its utility in training/education, knowledge transfer and communication. Short et al. (Short et al., 1976) defined social presence as the "degree of salience of the other person in a mediated communication and the consequent salience of the interpersonal relationships", where "immediacy", measured by psychological distance such as nodding and smiling, and "intimacy", expressed by verbal and non-verbal behavior such as eye contact, are clearly related (Rettie, 2003) . Novak (Nowak, 2001) distinguished social presence from copresence, arguing that the former relates to the medium and the latter refers to a psychological connection. He argued that copresence with another mind can be achieved with conscious awareness, assuming the interaction is mediated. Copresence was termed by Goffman (Goffman, 1963) as a sense of connection to and with another person, where users can perceive others and feel that others can perceive them. Attention or responsiveness to others is important in copresence (Ciolek, 1982) .
Environmental presence refers to the reaction of the environment to a user, which can provide evidence of the user's existence (Heeter, 1992) . The user's ability to modify the environment is an important factor in achieving environmental presence (Sheridan, 1992) . In a similar context to environmental presence, Schubert et al. (Schubert et al., 1999) proposed embodied presence, which emerges from interactions with an environment as the possible bodily actions in the VE. Embodied presence emphasizes the environment's role in the development of cognitive processes and embodied action. Important tasks supported in immersive systems may be 2D/3D configurations to represent objects; thus object presence, the subjective experience of being co-located with a set of objects in a user's environment, would be a critical concept for the performance (Stevens and Jerrams-Smith, 2001) . Object presence is often thought to be linked to scene depth, requiring physiological depth cues such as stereopsis and motion parallax, and supported by a high resolution display, a wide field of view and the addition of audio and haptic modalities (Sheridan, 1992; Rokita, 1996) "Connectedness oriented communication", defined by Kuwabara et al. (Kuwabara, 2002) , allows people to be aware of each other and contributes to the maintenance of social relationships. Dourish and Bly (Dourish and Bly, 1992) defined awareness as "an understanding of the activities of others, which provides a context for your own activity", which means both a perception of the users and an aspect of a system enabling that perception. Rettie (Rettie, 2003) found that the need for connectivity was the most important factor in making a choice between communication channels and suggested logical relationships between social presence, connectedness, and awareness. Awareness can occur without social presence or connectedness; connectedness is related to awareness and can occur with little or no social presence. They include an "awareness of object" in addition to an "awareness of another person" to describe the experience of connectedness to an object rather than to a person. Connectedness is similar to the concept of copresence because it is a feeling of psychological involvement as well as an emotional experience.
The focus of this literature review was to identify key concepts associated with social interactionsimmersion, presence, awareness, and connectednessand to clarify them in the context of the immersive shared environments, emphasizing cognitive issues. Factors that influence communication in collaboration were extracted based on a comprehensive understanding of those concepts. rear-projected 3.8-meter diagonal displays, mounted in either a 90-wedge configuration or a double-wide flat screen. It presents stereoscopic 3D content such as scientific 3D volume visualization and 3D video content. Fourth, the Dome provides an immersive experience via a four-meter diameter domed screen that entirely fills the observer's peripheral vision. It can be used to explore 360 ultra-realistic panoramas and omnidirectional video.
As input devices, a spacemouse with 6 degrees of freedom, wireless XBox controllers, and Kinect v1 for makerless motion capture can work in four visualization systems. Capture devices include Red Scarlet with 14 megapixel stills, 4K video and Canon EF lensmount. Canon 5D with 20 megapixel stills and 1080p video and Sony TD10 with 3D video camera. For augmented visualization, a Headmounted 3D display can be installed in the four systems, but OptiTrack InfraRed cameras, capture motions using retro-reflective dots, can be operated in the Cylinder only. Over 25 software packages are installed in the system for 3D modelling from images, CAD, rendering, panorama stitching, scriptable virtual interaction environment, volume visualization from CAT/MRI scans, point cloud visualization and manipulation, and visualization of seismic data so forth. With affordances and functions, HIVE can provide powerful immersive environments for training/education, presentation, and collaboration in all disciplines, creating many opportunities for sharing information efficiently and facilitating new modes of creative expression.
The Tiled Display
The Cylinder The Wedge The Dome According to Slater and Wilbur's arguments (Slater and Wilbur, 1997 ) that the degree of immersion has an influence on presence, stereopsis and a wider field of view contributing vividness and spatialized sound contributing to the extensiveness are positively correlated with reported presence (Hendrix and Barfield, 1996a; Hendrix and Barfield, 1996b) . The four visualization systems create immersive environments affording different degrees of inclusive, extensive, surrounding and vivid illusion, which might affect social interaction among users. For example, surrounding illusion can be delivered by the large screen of the Tiled Display and the wider field of view of the other three systems, while inclusive illusion can be delivered by the entire peripheral vision of the Dome where the external reality is not perceived by the users. The dynamic 3D objects of the Cylinder and The Wedge and the high-resolution images of the Tiled Display can provide vivid illusion in the immersive environments. Extensive illusion can be manipulated through additional interfaces installed in each system according to the task context employed and users' preference for various sensory modalities. These features of HIVE can be utilized effectively to validate the proposed framework in case studies, addressing cognitive issues and challenges for the implementation of the immersive shared environments.
A CONCEPTUAL FRAMEWORK OF IMMERSIVE SHARED ENVIRONMENTS
Based on the critical review of concepts and models, a conceptual framework was developed to elucidate the understanding of social interaction in immersive systems. The proposed framework conceptualizes the effects of social interaction on communication and task performance in a shared environment. The framework might be useful for developing immersive shared environments and interpreting empirical studies on social interaction in visualization systems. It could provide a guideline for the implementation of the systems and metrics for the analysis of the empirical data. Social presence, copresence, and object presence, which influence communication and performance, are mainly considered in the proposed framework. The more subtle experiences, such as gaze awareness of who is looking at us, when people join a meeting, where group attention is focused, and the ability to share in the manipulation of objects, are essential for supporting communication in multi-user systems (Slater and Wilbur, 1997) . The three levels of the framework represent the interactions of users, systems and collaborative tasks. 
Interface

Control factor
Control devices Environment modifiability Control mechanism (comfort level)
Sensory factor
Multimodality Naturalness of manipulation Interactivity (action, response etc.)
Object Presence
Realness
Visual realism of objects (depth, volume etc.) Feeling of objects moving through the generated world Feeling like grasping objects Manipulation Looking around the generated world Manipulating objects in the generated world As shown in Table 1 , the framework comprise eight categories at three levels of immersive shared environment: spatial presence, social awareness, and involvement at the User level, immersion, interface and object presence at the System level, and purposes and activities at the Task level.
The User level represents users' perception and experience when they work in the generated world. "Spatial presence" represents the presence of spatial elements in places, which largely describes the sense of being presented and an awareness of the surroundings. "Social awareness" represents users' social interaction and relationship, which could be measured by copresence, associated with the other persons' involvement in the interaction, and social presence, associated with the perception of the medium's ability to provide social awareness. The "Involvement" category, concerned with the allocation of attentional resources, comprises psychological involvement, including mutual understanding and engaged senses, behavioral engagement emphasizing the behavior interaction, and users' experience of the medium. It is important to develop a measure that truly evaluates the extent to which people feel a sense of being there and the connectedness to the other mind in the generated world.
The System level represents the physical characteristics and technologies of the system for an immersive shared environment, emphasizing the sense of the objects, which leads to the concept of immersion. "Immersion" represents an objective description of display technology, such as the stimuli from reality, the range of sensory modalities, the field of view, and the display resolution. The "Interface" category includes control and sensory factors, which are associated with the technical side of the immersive system and used to assess the properties of the interaction between user and the system. Linked to a display supporting users' real-world skills for a task, "object presence" represents the sense of a collection of objects being present or moving in the generated world, and the sense of ease with which the object can be manipulated. Realness is a subjective way of measuring the reality of the generated world. Although it is not part of the actual experience of presence, realistic reactions are one of the important consequences of presence.
The Task level represents the application areas and requirements of the tasks that users must perform in a shared environment. The nature of the task may influence the amount of attentional resources for the task, which may affect the quality of communication and representation as the users perform the task in the immersive shared environment. Stevens et al. (Stevens et al., 2002) argued that new measurement methods are needed to assess presence by more closely considering task requirements and how naturally a display supports a user for specific purposes. For example, some tasks do not require the user to be surrounded or isolated and presence is more dependent on coherence rather than immersion (Slater & Wilbur, 1997) . It is expected that immersive shared environments help to transfer users' learning from the virtual tasks back into the real world. Work tasks include activities such as solving a problem, developing a plan, disseminating information and knowledge, negotiating, and reaching consensus.
CONCLUSION AND DISCUSSION
This is a preliminary study to determine if social interaction affects the quality of communication and task performance in collaboration. Based on a critical review of the literature, a comprehensive framework of immersive shared environments for AEC was developed, focusing on communication in visualization systems. The notion of presence does not simply imply realism but is related to the environment in which a participant is acting (Slater and Wilbur, 1997) . From this perspective, the research question was drawn: what display characteristics are relevant to the AEC domains, maximizing presence? Sometime, a non-realistic display enhances presence, or characteristics enhancing presence are not the same as those supporting a particular type of task performance. The type of task will affect a user's sense of presence and task performance; thus presence can be determined by asking for what purpose a user should present and then finding minimum factors required for creating presence for that task (Zeltzer, 1992; Bystrom et al., 1994) . The proposed framework consequently comprises three levels -user, system, and taskassociated with social interaction.
So far, only limited efforts have been made to systematically position concepts in immersive environments in a framework for theory and implementation. This paper proposed a framework that considers issues relating to the effectiveness of immersive environments in supporting communication. Its metrics can help to define the parameters of immersive systems and tailor questionnaires to the specific media. The framework can be used to determine important factors that influence social interaction, providing a theoretical basis for research on immersive visualization systems and their development for collaboration in AEC domains. It may therefore help designers select appropriate display features when they construct immersive systems for communication and presentation. The framework categorizes existing research streams, guides research efforts, and reviews the critical issues.
Future research could focus on the effect of social interaction on each visual interface and how this could affect the collaborative design process from a cognitive perspective. In addition, the effects of shared environments on people's understanding in design presentation should be investigated in different visual interface conditions. We plan to conduct a series of studies on social interaction in order to examine how four different displays influences users' subjective sense of connectedness and design communication, thereby affecting task performance within design.
